When two isoluminant colors alternate at frequencies >10 Hz, we perceive only one fused color with a minimal sensation of brightness flicker. In spite of the perception of color fusion, color opponent (CO) cells at early stages of the visual pathway are known to respond to chromatic flicker at frequencies far exceeding the perceptual fusion frequency. To explain color fusion, several groups have predicted that CO cells in Vi-unlike the retina and lateral geniculate nucleus-should not follow high-frequency flicker. To test this prediction we recorded from 12 CC)cells in various V1 layers. We found, contrary to expectations, that these neurons follow high frequency flicker well above heterochromatic fusion frequencies. All followed 15 Hz flicker and 10/12 followed 30 Hz flicker. For three cells, we tested 60 Hz luminance flicker and found clear responses. We thus present evidence of cortical activity in alert, trained monkeys that is clearly representing visual stimulation, yet is not perceived. Our data call into question explanations of perceptual phenomena that invoke a low temporal frequency cut-off of CO cells in VI to account for the failure to perceive fast temporal changes in the chromatic domain.
INTRODUCTION
The relations between brain activity and perception have always been important in gaining insights into the mechanisms giving rise to conscious experience. Crick and Koch (1995) have tried to narrow the possible brain sites that are accessible to perception by hypothesizing that primates are not aware of neural activity in primary visual cortex (Vi). They postulate that we are aware of activity ordy in "higher" cortical areas that are directly linked to perception.
Relevant to this hypothesis, the well-known phenomenon of heterochromatic flicker fusion provides a compelling example of dissociation between brain activity and perception. When two isoluminant colors alternate at frequencies >10 Hz, only one fused color is perceived (Livingstone & Hubel, 1987) . Similar to humans, macaque monkeys fail to discriminatebetween a steady yellow and a temporal alternation of red/green stimuli at frequencies >15 Hz (Schiller et al., 1990) . In spite of the perceptual sensation of color fusion, color opponent(CO) cells at early stagesof the macaquevisual pathway respond to flicker frequenciesfar exceeding the perceptual fusion frequency, implying that they can still signal the alternationof the two wavelengths. CO retinal ganglion cells respond to 40 Hz flicker (Lee et al., 1989) and CO cells in the parvocellular layers of the lateral geniculate nucleus (LGN) respond to flicker rates in the 20-37 Hz range (Derrington & Lennie, 1984) .The other major class of retinal ganglion and LGN cells, the achromatic broad-band (BB) cells, give only weak responses to isoluminantflicker at all temporal frequencies; hence they are not thought to be the cause of the frequency-dependentchromaticfusion (Lee et al., 1989) . To reconcile the perceptual phenomenon of heterochromatic fusion at low temporal frequencies with the ability of retinal and LGN cells to follow high frequency flicker,several groupshave predicted that CO cells in V1 should not follow high-frequencyflicker (Livingstone& Hubel, 1987; Lee et al., 1988; Bach & Gerling, 1992 ).
This presumed low temporal cut-off of cortical CO cells would not only explain heterochromatic flicker fusion, but would account for a host of psychophysical phenomena implying that the chromatic system fails to transmit fast temporal changes (Smith et al., 1984; Lennie et al., 1993) .
Unlike this prediction, Crick and Koch's hypothesis proposes that other cortical sites should determine the percept. Their hypothesis would be strengthened if CO celIs in V1 can be shown to follow chromatic flicker at a rate that is not accessible to perception. We have tested the predictionsof low temporalcut-offfor CO cells in V1 and found instead that these neurons continue to signal high-frequency chromatic flicker. Thus, we present evidence of cortical activity, in alert, trained monkeys, that is clearly representing visual stimulation,yet is not perceived.
METHODS
Records were taken from nine single neurons at 0.9-5.1 deg eccentricity in VI and one parvocellular neuron in the LGN in two adult female monkeys (one A4acaca mulatta and one A4acaca fascicularis). Recording locations were verified histologically (Snodderly & Gur, 1995) .Four additionalcells were studiedin VI of another adult female J4. mwlatta monkey that is still undergoing experiments. These cells were assigned to V1 based on the visual field location of their RFs and the location of the craniotomy, and to cortical layers based on physiological criteria (Snodderly & Gur, 1995) . Details of training and recordingprocedureshave been published (Snodderly & Kurtz, 1985; Gur & SnodderIy, 1987; Snodderly & Gur, 1995) . Briefly, monkeys were trained to fixate on a light emitting diode (LED) for 5 sec. Eye position was monitored by a double Purkinje image eye tracker (2-3 min arc resolution). Stimuli were generated by a Truevision ATVista video graphics adapter at a 60 Hz frame rate. Stimuli were chromatic (red, green, blue) or achromatic (gray) bars configured to yield maximal response. Chromatic stimuli were generated by activationof individualguns of the color video monitor,a Barco 7351 or a MitsubishiHL6605.
To study color flicker, the optimal stimulus color was alternated with another color (the opponentcolor for CO ceils). The stimulus was a bar, larger than the RF, that was presented with the background color as its surround and then flickered so that the bar changed to the color of the background at the flicker rate. The luminance of the bar was set for isoluminancewith the surround and the background, or for various luminance contrasts. Luminance was measured with a Gamma Scientific telephotometer. Stimuli were flickered at various temporal (square wave) frequencies up to 30 Hz, which was the fastest rate available to us.
Peak response rates were measured for cells that had two to five impulses/responsefor 15 Hz flickerand two to four impulses/responsesfor 30 Hz flicker. The shortest two consecutive interspike intervals were averaged and the reciprocal of the result was taken as peak rate.
RESULTS
We recorded from 13 cells in Vl, and one parvocellular cell in the LGN. The cortical cells included 12 CO cells Iocated in layers 4A (six cells), 4C~(four cells) and 6 (two cells), and one BB (layer 6) cell. Only cells that showed overt color opponency, i.e. responded with opposite signs to stimuli of different spectral compositions,were consideredCO. Color opponencywas labeled (e.g. R+/I-) according to the most effective colors. For seven cells it was possible to determine the spatial configuration of the opponent mechanisms; four were type II [spatially coextensive opponent mechanisms; Wiesel & Hubel (1966) ]and three were type I (both color and spatial antagonism).
All CO cells responded vigorously to 15 Hz stimuli, and 10/12 CO cells in V1 responded to 30 Hz. Peak response rates for the 15 and 30 Hz stimulation ranged from 200 to 700 impulses/see, and for most cells (9/13) peak rates exceeded 400/sec. While the number of spikes per stimulus decreased as flicker rate increased, peak rates did not change appreciably.Not all cells were tested with the full range of stimuli;nine CO cells were tested at isoluminance, eight of these nine cells were also tested over a range (0.4-0.6) of R/R + B ratios around isoluminance.Responsesto flickerwere similar throughout this range.Three CO cellswere tested with luminance flicker only. Although visual inspection clearly showed that responses were phase-locked to the stimulus, as depicted in Fig. 1 for five CO cells, we verified that responses followed stimulation by calculating power spectra for all responses.These spectra showed that most power was concentrated at the driving frequency.
Sample data from an R-/B7+ , type II CO cell, located in layer 4C~, are shown in Fig. l(A) . The cell respondedtonicallyto the onsetof a blue bar (panelI) and the offset of a red bar (panel II). The cell response followed the flicker of an isoluminantblue bar on a red background at 15 and 30 Hz (paneIs HI and IV). These responses can be contrasted with the maintained discharge to a steady gray background of the same luminance as the background for panels I and II (panel V). Power spectrum analysisof the 30 Hz driven activity and the maintaineddischargeshows a power peak around 30 Hz for the driven activity (panel VI) but a wide spectral distribution of power for the maintained discharge (panel VII). For all cells only a single large peak was seen at the driving frequency. Responses recorded from an LGN CO cell [ Fig. l(B) ] were similar to those recorded from V1 CO cells similarly stimulated. Examples of two more V1 CO cells following 30 Hz flicker are shown in Fig. l(C) (panels I and H) .
Since we could not generate flicker at rates exceeding 30 Hz, it was not possible to find the highest frequency that the cells were able to follow. That 30 Hz flicker was not near the highest rate can be estimated by noting the regularityof responsesand the high responserates for the 15 and 30 Hz flicker, which often exceeded 500 spikes/ sec (Fig. 1) . It then occurred to us that we could use the 60 Hz frame rate of the video monitor to stimulate the cell. A "steady" red bar on the monitor screen is in fact a train of short light pulses with a 60 Hz duty cycle. The three cells tested in this way responded to 30 Hz flicker generated by us and also to the monitor frame rate with very regular firing. Examples taken from two additional VI cells are shown in Fig. l(C) (panels III and IV) and the power spectra of these two spike trains are shown in panels VII and VIII, respectively. The responses to the steady presentation of a bright red rectangle (8 cd/m2) can be contrasted with the maintained discharge to a steady gray background of lower luminance (1 cd/m2; panels V and VI). All eight CO cells tested followed fast flicker both at isoluminance (Fig. 1) and with stimuli differing in both color and luminance. Figure 2(A) showsexamplesof two CO cells responding to 15 and 30 Hz flicker at isoluminance and at different luminance ratios between the two flickering colors; response amplitude remained approximately the same for all ratios tested and did not show any minimum. This is in contrast to a broad band cell with a phasic on/off response that showed a clear minimum near the photometrically determined isoluminant point [ Fig. 2(B) ].
DISCUSSION
Our data show that CO cells in V1 are able to follow high-frequency flicker at isoluminance and at various luminance ratios around isoluminance.At 15 and 30 Hz color flicker, CO cells followed flicker at robust firing rates. Furthermore, the ability of CO cells to follow 60 Hz luminance flicker demonstrates that they signal flicker at rates close to human luminance flicker fusion threshold (van der Wildt, 1984) .It is also noteworthythat some of the CO cells were type II, which is the class hypothesizedto be responsiblefor perception of color as such IHubel & Livingstone (1990) ; we interpret this to mean hue]. We can thus reject the prediction that perceptual fusion of alternating colors at isoluminance is the result of the inability of CO cells in V1 to follow fast flicker (Livingstone& Hubel, 1987; Lee et al., 1988; Bach & Gerling, 1992) .
We have also tested Bach and Gerling's (1992) hypothesisthat heterochromaticfusion may be the result of response phase jitter within the CO cell population. Responses taken from 10 individualtrials recorded from the 10 CO cells responding to 30 Hz flicker were superimposed and analyzed as if generated within a single trial. Even though lumped responses were from cells located in various layers that could theoretically have different response phases, the 30 Hz modulation was clearly visible and the response power spectrum showed a single peak at the driving frequency. While preliminary, this result shows that phase jitter is small relative to the overall cycle time and could not explain heterochromatic fusion.
Our data call into question a low temporal frequency cut-off of CO cells in V1 as an explanationof phenomena with V2-like characteristics.These includetemporallowpass characteristics for isoluminant targets, two-pulse discriminationthresholds that are longer for isoluminant targets, and threshold-durationfunctionsof the chromatic mechanisms that show poorer temporal resolution than the achromatic system [see Lennie et al. (1993); Smith et al. (1984) for reviews].
In our experimentswe have a striking situationwhere clear physiological signaling is not reaching perception. During heterochromatic flicker when no color change is detected and perceived flicker is minimal, for humans (Livingstone & Hubel, 1987) as well as for monkeys (Schiller et al., 1990) , most retinal ganglion cells, LGN cells, and CO cells in V1 are vigorously and faithfully following the color alternations.
How can we explain this dissociation between brain events and perception? One possibility is that our data support Crick and Koch's hypothesis of no direct link between V1 activity and perception. It might thus be expected that color-relatedcells in some other visual area such as V4, which is, presumably, accessible to perception,would exhibit the required attenuationof fast flicker-in accordance with perceptual experience. This version of the hypothesis thus would predict perceptual characteristics to be deferred to a specific group of cells in a "high level" visual area.
There is evidence,however, that lesionsof area V2 that sever the major direct pathway between V1 and "higher areas" do not degrade acuity or contrast detection (Merigan et al., 1993) . The excellent performance that remains could be interpreted to indicate that the activity of V1 is making such fine discriminationspossible.Thus, VI activity may be accessible to consciousness, but under special circumstances, such as isoluminance,is not perceived. Since at isoluminance the BB system's activity is minimized, it is possible that active participation of the BB system, above moderate flicker frequencies, is essentialfor normalperception,by, say, servingas a gating or binding mechanism for the CO-generated activity (Gur & Akri, 1992) .
If Crick and Koch's hypothesis restricts perceptual mechanismsto a limited number of cortical locations, an alternative hypothesis suggests that perception requires temporally associated (Sherrington, 1947; Singer & Gray, 1995) neural activity.Thus, in the present example, color alternation may not be perceived because of the failure to preservecoincidentalactivityof the CO and the BB cells, or the failure of activityin V1 to be coordinated with activityin other cortical areas. If it can be shown that CO cells in "higher" visual areas fail to follow isoluminant flicker this would be consistentwith Crick and Koch's hypothesis, but it would not rule out the possibility that lack of coordination with V1 caused the loss of perceptibility.That is, V1 could contribute more to perception than just preprocessing (Miyashita, 1995; Ishai & Sagi, 1995) .Indeed, if color-relatedcells in more central cortical areas are found to follow fast isoluminant flicker, the "coordinated activity" hypothesis would become a more attractive explanation than low-pass filtering for the perceptual phenomenon of heterochromatic flicker fusion.
